ABSTRACT. Tumor necrosis factor (TNF) receptors (TNF-R)-mediated cell survival or apoptosis has been demonstrated in many cells, but little is known about survival or apoptotic signals via TNF-R1 in tendinocytes. In this study, we focused on four signaling factors, TNFα, TNF-R1, TNFR-associated factor2 (TRAF2) and caspase-3, in order to elucidate the signaling events in tendinocytes. Samples were obtained from normal, inflamed and scar-formed equine superficial digital flexor tendons. To detect these signaling factors, samples were subjected to immunohistochemistry and Western blot analysis, and some samples were also subjected to reverse transcription-polymerase chain reaction (RT-PCR), PCR-Southern blot analysis and in situ hybridization to detect the expression of TNFα mRNA. Distribution of the four factors differed depending on the tendon condition, normal, inflamed or scar-formed. In the normal tendon, large amounts of TRAF2 were found in tendinocytes, but the amounts of TNF-R1 were small. TNFα mRNA was expressed most highly in the inflamed tendon. TNF-R1, which was only faintly detected in the normal tendon, was detected at a high level in the inflamed tendon, and the amounts of TRAF2 and caspase-3 also increased. Activated caspase-3 was only detected in the inflamed tendon. TNFα mRNA was also expressed in the scar-formed tendon, though it showed weak signals, and the expression levels of TNF-R1, TRAF2 and caspase-3 proteins were very low. Two distinct intracellular signaling pathways of TNFα, which lead to cell survival and apoptosis, might be present in tendinocytes mediated through TNF-R1. These results, which reflect the dynamism of TNFα, provide important clues for means to prevent tendinopathy. KEY WORDS: caspase-3, equine tendon, tumor necrosis factor α (TNFα), tumor necrosis factor-receptor 1 (TNFR1), TNF receptor-associated factor-2 (TRAF2).
Tumor necrosis factor (TNF)α, a pleiotropic cytokine, can lead to survival and proliferation of cells and cell death (apoptosis) by binding to TNF receptors, TNF-R1 and TNF-R2 [13, 16, 27, 33] . Such pleiotropic effects are mediated by two distinct TNF receptors, although TNF-induced cell death is mediated only by TNF-R1 [25, 26] . In response to TNFα, TNF-R1 is trimerized and recruits an adaptor molecule, TNF receptor-associated death domain (TRADD) [8, 25] . In the intracellular apoptotic-signaling pathway, TRADD interacts with another protein, Fas-associated death domain (FADD) [2, 7] , which then recruits and activates procaspase-8. The activated caspase-8 in turn activates effector caspases, such as caspase-3 or -7, resulting in apoptosis [10, 20] . On the other hand, TRADD, which is mediated by TNF-R1, also interacts with other binding protein, TNF receptor-associated factor-2 (TRAF2), of which implicated in nuclear factor (NF)-κB [24, 25] . NF-κB is deeply involved in cell proliferation and prevention of TNFα-induced apoptosis [1, 3, 14, 30, 32] . Thus, TNFα has the potential to lead to cell survival or apoptosis by binding to TNF-R1.
We have recently reported that TNFα is distributed and expressed in tendinocytes in an inflammatory condition and that there is excessive apoptosis and proliferation of tendinocytes in an inflamed superficial digital flexor tendon (SDFT) of the horse [4] [5] [6] . As mentioned above, TNFα is known to play an important role in an inflamed tendon, but it has not been determined whether TNFα acts as an antiapoptosis factor or an apoptotic factor in equine tendinocytes. Additionally, the signaling events in tendinocytes mediated by TNF-R1 remain unknown.
Elucidation of the role of TNFα in the tendon and of TNF-R1-mediated intracellular signaling events would make it possible to control the cell number and the smooth healing of tendon. It would also provide important clues for means to prevent the occurrence of tendonitis and progress of degeneration of tendon tissue. In this study, to elucidate the signaling events in the tendon, we focused on four signaling factors, TNFα, TNF-R1, TRAF2 and caspase-3, and investigated the differences in distribution and expression of these factors in normal, inflamed and scar-formed tendons.
MATERIALS AND METHODS

Animals and tissue specimens:
Sixteen specimens of SDFT, 6 normal tendons, 6 inflamed tendons and 4 scarformed tendons, were obtained from 13 Thoroughbred horses. Two of the inflamed tendon specimens were obtained from a single horse, one inflamed and one normal specimens were also obtained from another single horse, and one scar-formed and one normal specimens were obtained from another single horse. The average (± SD) age of the horses was 4.6 ± 2.1 years (range, 1-7 years), and there were 5 males and 8 females. All horses were housed at Rakuno Gakuen University for teaching and research purposes until subjecting to euthanasia (see below). This study was performed in accordance with the Guidelines for Animal Experimentation of Rakuno Gakuen University, Japan. Tendons that showed no abnormal postmortem had not been associated with clinical tendonitis during life. Two horses with inflamed tendons had shown clinical tendonitis (lameness and pain following injury, with confirmation by ultrasonography). Other animals had shown no clinical signs, but tendonitis was discovered postmortem. After sedation with an injection of medetomidine hydrochloride (16 mg/ kg, intramuscularly) and anesthesia with thiopental sodium (6 mg/kg, intravenously), the animals were killed by exsanguination, SDFT samples were removed, and each was divided into two portions. One portion was cut into pieces of approximately 10 × 10 × 5 mm and fixed in 4% (w/w) paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4, for 12 hr at 4°C and then embedded in paraffin wax according to standard procedures. The other portion was cut into small pieces of 5 × 5 × 5 mm, immediately frozen in liquid nitrogen, and stored at -80°C until use. Additionally, testis samples were collected from two horses with normal tendons for in situ hybridization.
Reverse transcriptional-polymerase chain reaction (RT-PCR) and PCR-Southern blotting: Total RNA was isolated from normal, inflamed and scar-formed tendons using Trizol (Invitrogen, Carlsbad, CA, U.S.A.), an RNA isolation regent. For RT-PCR, complementary DNA (cDNA) was synthesized from total RNA samples using a SuperScript Preamplification System for first-strand cDNA synthesis (Invitrogen) according to the manufacturer's protocol. These cDNA samples were then subjected to PCR with specific primers for equine TNFα. After denaturation, TNFα-specific cDNA fragments were amplified with 2.5 U Taq polymerase by the hot-start procedure (TaKaRa Ex Taq; TAKARA, Shiga, Japan). Amplification was performed for 40 cycles in a thermal cycle reactor. Each cycle consisted of denaturation for 30 s at 94°C, primer annealing for 30 s at 60°C and extension for 30 s at 72°C for 40 cycles. As an internal control for RNA extraction and cDNA synthesis, PCR amplification was also performed on all cDNA samples using primers specific for the constitutively expressed gene β-actin. Specific primer pairs for RT-PCR were designed from sequence of TNFα and β-actin in the GenBank database (accession numbers: AB035735 and AF035774, respectively). They were TNFα forward primer (AGCCCATGTTGTAGCAAACC) at 305-324 and reverse primer (GTTGGGCTGATTGATCTCAGC) at 686-666 of AB035735 and β-actin forward primer (GACCCAGAT-CATGTTTGAGACCT) at 357-379 and reverse primer (TGATGGAGTTGAAGGTAGTTTCGTG) at 847-823 of AF035774. The amplified products were electrophoresed in 1.5% (w/v) agarose gels at 100 V for 30 min in TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0). The gels were stained with ethidium bromide and then photographed under ultra violet transillumination light. Amplification of the housekeeping gene β-actin was used as a positive control. Band intensities of TNFα transcript level were analyzed by densitometry using NIH image after normalized against that of the β-actin band.
PCR-Southern blot analysis was performed to detect the presence of DNA of TNFα. After electrophoresis, amplified TNFα DNA fragments were transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore Corporation, Billerica, MA, U.S.A.). The membrane was incubated at 68°C for 1 hr in prehybridization buffer containing 5 × SSC [150 mM NaCl, 15 mM sodium citrate, pH 7.0, 1.0% (w/v) blocking reagent, 0.1% (w/v) sarkosyl and 0.02% (w/v) SDS]. Hybridization was performed in a prehybridization mixture containing a digoxigenin-labeled oligonucleotide probe (10 pmol/ ml) at 55°C for 6 hr. The probe was the nucleotide residue 316-360 (probe 2) of horse TNFα cDNA as noted in the methods used for in situ hybridization. After hybridization, the membrane was washed twice for 5 min with 2 × SSC-0.1% (w/v) SDS at room temperature and then washed twice with 0.2 × SSC-0.1% (w/v) SDS for 5 min at 55°C. Hybridized bands were revealed according to the method recommended by the supplier (Nonradioactive DNA detection kit; Boehringer Mannheim, Mannheim, Germany).
In situ hybridization: Two non-overlapping antisense oligonucleotides were used for in situ hybridization. They were complementary to nucleotides residues 194-238 (probe 1: AAGGC ATTCG GTAAC TGCTC TTCCC TCTGG GGGCC GATCA CCCCA) and 316-360 (probe 2: GCCCA CTCAG CCACT GGAGC TGCCC CTCGG CTTGG GGGTT TGCTA) of horse TNFα cDNA (GenBank accession No. AB035735). These oligonucleotides were labeled with 35 S-dATP using terminal deoxyribonucleotidyl transferase (Promega, Madison, WI, U.S.A.) at a specific activity of 0.5 × 10 9 dpm/µg DNA. µg/µl protein from each tendon loaded 20 µl to 12.5-15% sodium dodecyl/polyacrylamide gel electrophoresis (SDS-PAGE) before transfer to PVDF membranes (Millipore). Each blotted membrane was soaked with blocking buffer containing 3% (w/v) skim milk in Tris-buffered saline (TBS; 20 mM Tris and 500 mM NaCl, pH 7.6) with 0.2% (w/v) polyoxyethylene sorbitan monolaurate (Tween20; Kanto Chemical, Tokyo, Japan) and then incubated for 1 hr with each primary antibody. The primary antibodies used were mouse anti-human TNF-R1 monoclonal antibody (1:1,000; Santa Cruz), rabbit anti-human TRAF2 polyclonal antibody (1:500; Santa Cruz) and rabbit anti-human caspase-3 polyclonal antibody (1:500; Caspase-3 Antibody #9662; Cell Signaling), in 1% (w/v) skim milk/TBS/ Tween20. The caspase-3 antibody used in this study is able to detect both the full length (inactivated) and a large fragment of activated caspase-3. After reaction with primary antibodies, blotted membranes were developed with an ECL blotting system (Amersham Biosciences, Piscataway, NJ, U.S.A.) according to manufacturer's instructions. The density of the bands on the developed film was analyzed by using NIH image software. The values of each band's densitys in each SDFTs (normal, inflamed and scar-formed tendons) were divided by the value of normal tendon for the comparison of amounts of the protein.
RESULTS
TNFα mRNA expression in horse tendon tissues:
TNFα mRNA signals were detected in all tendon tissues, but the levels were low in normal and scar-formed tissues. The results of semiquantitative analyses, RT-PCR and PCRSouthern blot analyses, showed that the mRNA level in inflamed tissue was 2.7-times higher than that in normal tissue ( Fig. 1a and b ), but only a trace reaction was observed in scar-formed tissue.
In situ hybridization analysis of TNFα in horse tendon tissues: The probe exhibited almost identical labeling patterns, whereas the sense probes did not show any specific hybridization signals. TNFα mRNA signals were only faintly detected in normal tendon tissues but were stronger . TNFα mRNA levels in each tendons were normalized using β-actin mRNA levels, and the figures under RT-PCR analysis panel is the ratio of the normalized band's density (Fig. 1a) . TNFα mRNA level in inflamed and scar-formed tendon tissues was about 2.7-and 0.6-times stronger than that in normal tissue, respectively. Strong signals were observed in the inflamed SDFT by in situ hybridization methods (Fig. 1c) in inflamed tendon tissues (Fig. 1c) . Weak signals were localized in the periendotendinium area, but the most remarkable signals were localized in the degenerated tendon fascicle area.
Immunohistochemical observation: Immunohistochemical labeling revealed large numbers of TNFα, TNF-R1, TRAF2 and activated caspase-3-positive cells in obviously degenerative areas of inflamed tissues (Fig. 2) . Although small numbers of inflammatory cells such as neutrophilic leukocytes and macrophages were found in the inflamed area, immunopositive reaction was distributed in mainly spindle-shaped or oval-shaped cells, thought to be tendinocytes or tenoblasts. TNFα protein was also distributed in the extracellular area in the inflamed tendon. In contrast, most cells in the scar-formed tendons showed negative or only weak immunoreactions against TNF-R1, TRAF2 and activated caspase-3 antibodies, while some TNFα-immunopositive cells were detected in the scar-formed tendon tis- sues. Even in the normal tendon, tendinocytes showed immunoreactions against TNFα and TRAF2 antibodies, but only a few cells showed immunoreactions against TNF-R1 and activated caspase-3 antibodies.
No positive immunoreactions were found in any section in the negative controls.
Western blot analyses in tendon tissues: TNF-R1 was weakly detected in normal tendon tissue, but a significantly strong band appeared in inflamed tendon tissue. Scarformed tissue showed a very weak reaction (Fig. 3a) . Although TRAF2 protein was difficult to detect in the scarformed tendon tissue, normal tendon tissue showed a relatively strong band as did inflamed tendon tissue (Fig. 3b) . Procaspase-3 (32-35 kDa) was detected in all tendon tissues (Fig. 3c, lanes 1-3) , whereas another new band of activated domain of caspase-3 (17 kDa) was detected in the inflamed tendon tissue (Fig. 3c, lane 2) . Only the inflamed tissue samples yielded intense bands of activated caspase-3 protein on the PDVF membrane indicating excessive apoptosis. The density ratio of TNF-R1, TRAF2, procaspase-3 and activated caspase-3 in normal tendon, inflamed tendon and scar-formed tendon tissues were 1:1. 
DISCUSSION
In this study, we focused on four signaling factors, TNFα, TNF-R1, TRAF2 and caspase-3, and investigated changes in the distribution and expression of these factors during healing of a tendon injury. TNFα modulates cell survival [28, 29] and apoptosis [12, 15, 17, 22, 31] in many cell types through two receptors, TNF-R1 and TNF-R2. Both receptors, TNF-R1 and TNF-R2 [23, 25] , mediate cell survival signals; TNF-R1 is predominant in mediating the TNFα effect on apoptosis [26] . At least one of these TNF-Rs is expressed by almost all cell types [25] , and we have shown that TNF-Rs are distributed on tendinocytes in vitro [5] . Recently, Manabe and colleagues reported that two distinct signaling pathways, cell survival and apoptosis pathways, mediated by TNF-R1 exist in the swine ovarian follicle [9, 18, 21] . This is a physiological phenomenon (atretic follicle) observed in the process of development of oocytes; however, in this study, we demonstrated that two conflicting signaling pathways mediated by TNF-R1 also exist in tendons, especially in tendons in the pathological condition of tendonitis.
We found that the distribution of the four signaling factors differed depending on the tendon condition, normal, inflamed or scar-formed. In the normal tendon, large amounts of TRAF2 protein were distributed in tendinocytes, but the expression level of TNF-R1 protein was low. These findings suggest that some pathways that stimulate the function of TRAF2 without mediating TNF-R1 exist in tendinocytes. It is well known that TRAF2 mediates signals not only through TNF-R1 but also through TNF-R2, which transmits only cell survival signals [24, 25] . Actually, overexpression of TRAF2 causes activation of NF-κB, whereas a dominant negative mutant of TRAF2 blocks TNF-R2- mediated NF-κB activation, suggesting a central role of TRAF2 in TNF-R2 signaling [23] . In our previous study, we have shown that TNF-R2 exists on equine tendinocytes in a normal condition, and we also confirmed production of TRAF2 and NF-κB [5] . These factors are deeply related to TNF-R2 pathways [18, 21, 24] . Therefore, the presence of a TNF-R2-TRAF2 pathway in normal tendinocytes is likely. TNFα mRNA was found to be expressed most strongly in the inflamed tendon. The production of TNF-R1 protein, which was hardly detected in the normal tendon, also increased in the inflamed tendon, and the amounts of TRAF2 and procaspase-3 proteins also increased. The finding of remarkable upregulation of TNFα and activated caspase-3 proteins supports the results of our previous study showing a large number of apoptotic cells in the inflamed tendon [4, 6] . The increase in TRAF2 proteins, which is a signaling factor closely related to cell survival, in the inflamed tendon is also notable. A small number of inflammatory cells such as neutrophilic leukocytes and macrophages were found in the inflamed area, but tendinocytes accounted for most of the cells in the inflamed tendon [11] . These results suggested that two distinct intracellular signaling pathways, which lead to cell survival and apoptosis, were present and reinforced in tendinocytes mediated through TNF-R1.
The scar-formed tendons showed a wide range of structural alterations as well as cellular abnormalities. The streamed arrangement of collagen and homogenous distribution pattern of tendinocytes in normal tendons had changed into random collagen orientation and hypocellularity as well as clustering of round-shaped (tenoblast-like) cells in multifocal areas in the scar-formed tendons [11] . This cellular structural transformation might reflect changes in the properties of tendinocytes. In human dermal scar fibroblasts, TNF-R1-mediated apoptosis-associated genes were downregulated [19] , and many transcriptional factors showed down-expression assessed by cDNA microarray [27] . Decreases in levels of TNF-R1, TRAF2 and caspase-3 may indicate the turning down of intracellular signaling transmission and leading inactivation of cellular turnover.
In the present study, we found that two distinct intracellular signaling pathways of TNFα, which lead to cell survival and apoptosis, might be present in tendinocytes mediated through TNF-R1. We also found that the expression and distribution patterns of these factors changed during tendon healing. A further study is needed to determine whether the signaling pathways for cell survival and apoptosis are present in the same cell or not. Our results reflect the dynamism of TNFα and also provide important clues for means to prevent the occurrence of tendonitis and progress of tendon degeneration.
ACKNOWLEDGEMENTS. The authors thank Dr. Toshihiko Iwanaga, Graduate School of Medicine, Hokkaido University, for his helpful technical advice. This study was partly supported by the Kuribayashi Scholarship Foundation, Japan.
